Introduction
Immune systems have developed to protect multicellular organisms from foreign substances. During evolution, two types of immune systems have developed to detect foreign substances, namely innate (natural) immunity and adaptive (acquired) immunity.
The innate immune system is phylogenetically a more ancient defence mechanism and can be found in all multicellular organisms. This system is the first line of defence that helps to limit infection at an early stage, and relies on germ line encoded receptors that recognise conserved molecular patterns present on micro-organisms [1] [2] [3] .
The adaptive immune system evolved about 400 million years ago and is found only in vertebrates [4] . The immune response of vertebrates has developed more sophisticated and complicated mechanisms including an immunological memory with generation of a large repertoire of antigenrecognition receptors and innate immune systems such as phagocytosis, natural killer cells and complement system for both recognising and eliminating foreign invaders [5] [6] [7] . While adaptive immunity occurs only in vertebrates, invertebrates have a rapid and e$cient innate system to recognise and destroy non-self material, including pathogens. Although they cannot produce antibodies and hence have no immune memory, innate immune mechanisms are su$cient to protect and preserve themselves from intruding microorganisms. In addition to their rigid and wax-covered cuticle, which serves as a mechanical barrier, they can also rapidly produce e#ective innate immune responses during infection. Since the discovery of inducible antimicrobial peptides from the moth Hyalophora cecropia by Boman and associates in 1972 [8] [9] [10] , great e#orts have been made to investigate the function and mechanism of the innate immune system not only in invertebrates, but also in all multicellular organisms ranging from humans to plants. It is now clear that the innate immune system is very important for self or non-self recognition in vertebrates and that it provides instruction that enable the adaptive immune response to enhance immunogenicity [1, 11, 12] . *Corresponding author. E-mail: Kenneth.Soderhall@cbc.uu.se
Immune responses in invertebrates
Microbial infection activates multiple cellular and humoral responses. For example septic injury rapidly triggers proteolytic cascades that lead to localised blood coagulation and melanisation.
The clotting system is an important reaction in both vertebrates and invertebrates to prevent blood loss through wounds. The clotting system of a chelicerate, the horseshoe crab Tachypleus tridentatus, has been characterised in great detail [13] . The clotting system of the horseshoe crab is composed of five protein components which make up a clotting cascade system [14, 15] , the serine proteinase zymogen factors C, B, G, the proclotting enzyme and the clottable protein coagulogen. The factors C and G act as highly sensitive recognition proteins for lipopolysaccharide (LPS) and -1,3-glucan, respectively. Invading pathogens release carbohydrates, which bind to these proteins resulting in the sequential activation of clotting factors and subsequent clot formation. The extreme sensitivity of the clotting cascade for LPS is used in the so-called Limulus test, a widely employed assay method for the detection of bacterial endotoxins (or LPS) [16, 17] . In contrast to the clotting system of horseshoe crab, clotting in crustaceans occurs through polymerisation of a clotting protein found in plasma and is catalysed by a calcium ion dependent transglutaminase released from haemocytes upon wounding [18] [19] [20] . In crustaceans, the clotting protein was first cloned and characterised in crayfish [18] and later in tiger shrimp [20] . So far, only these two clotting proteins from crustacean have been completely sequenced. Several clottable proteins have been partially characterised from lobster [21, 22] , freshwater giant prawn [23] , and sand crayfish [24] . They have similar amino acid compositions and N-terminal sequences, but no homology to horseshoe crab coagulogens. The primary structure of crayfish clotting protein indicates that it belongs to the vitellogenin superfamily [18] . However, the shrimp clottable protein shows 36% identity to the crayfish clotting protein and lower similarities to insect vitellogenins, apolipoprotein B and mammalian von Willebrand factor [20] . These data indicate that two functionally similar processes in two related species of invertebrates are completely di#erent and emphasise the large variation in related processes in invertebrate animals. However, no insect clotting system has been fully characterised yet.
The proPO activating system consists of several proteins involved in the immune defence in invertebrates leading to melanin production, cell adhesion, encapsulation, and phagocytosis [25] [26] [27] . It is an e$cient immune system for non-self recognition and is initiated by recognition of lipopolysaccharides or peptidoglycans from bacteria and -1,3-glucans from fungi. This system contains a proteinase cascade composed of pattern-recognition proteins (PRPs), several zymogenic proteinases, and prophenoloxidase (proPO) (Fig. 1) [26] .
Phylogenetically, proPO belongs to one of four well-supported subfamilies within: (i) the arylphorin subfamily (a storage protein in insects without copper binding function), (ii) the haemocyanins of branchiopod crustaceans (copper binding proteins involved in oxygen transport), (iii) the haemocyanins of chelicerates, (iv) and the prophenoloxidase of insects and crustaceans (copper binding proteins involved in immune responses). In a recent study, 422 S. Y. LEE AND K. SÖDERHÄLL haemocyanins were reported to have PO activity after proteolytic cleavage in the spider, Eurypelma californicum [28, 29] and horseshoe crab, Tachypleus tridentatus [30] . Although the haemocyanin of chelicerates has a function as oxygen carrier under normal conditions, it may be converted to phenoloxidase after injury to prevent microbial invasion. A phylogenetic analysis shows that the proPO subfamily has much higher evolutionary relationship with the chelicerate haemocyanins than to the branchiopod haemocyanins [31, 32] .
The active form of proPO, phenoloxidase (PO; monophenol, dihydroxyphenylalanine: oxidoreductase; EC 1.14.18.1), also known as tyrosinase, catalyses [26, 29] . Production of o-quinones by PO is an initial step in the biochemical cascade of melanin biosynthesis. It is also important in cuticular sclerotisation, wound healing, and encapsulation of foreign materials [26, 33, 34] . Arthropod POs exist as an inactive zymogen under normal physiological conditions and they can be activated by proteolytic cleavage except for a recently discovered proPO from the insect, wasp Pimpla hypochondriaca, which was active without any proteolytic cleavage [35] and which also had a signal peptide in contrast to all other known proPOs.
Since the first primary structure of proPO was determined in crayfish [36] , great numbers of proPO sequences have been reported from various invertebrates. In crayfish, proPO is synthesised and localised in granules of the blood cells, and released into plasma by exocytosis triggered by the -1,3-glucan binding protein. Crayfish haemocyanin in contrast to proPO is synthesised in the hepatopancreas [26, 36] . In insects some proPOs exist in the plasma [37] and several isoforms encoded by di#erent genes have been found [38, 39] but the physiological significance of the presence of the di#erent proPO polypeptides remains to be studied. Recently, two isoforms of cuticle proPOs of the silkworm, Bombyx mori have been characterised and one of them is shown to be transported from the haemolymph proPO to the cuticle. The transported cuticle proPO has di#erent molecular mass than the haemolymph proPO because of the modification of one up to six methionine residue(s) [40, 41] .
PRPs are the triggering molecules of the proPO system, since they bind microbial components and then induce activation of proteinases in the proPO system. Finally proPO is proteolytically converted to phenoloxidase by an endogenous trypsin-like serine proteinase, the so-called prophenoloxidase activating enzyme (ppA). So far, four ppAs and one cofactor have been characterised and cloned from four di#erent animals; a beetle, Holotrichia diomphalia [42, 43] , a silkworm, Bombyx mori [44] , a tobacco hornworm, Manduca sexta [45] , and a crayfish, Pacifastacus leniusculus [46] (Fig. 2) . Their primary structure demonstrates that they all exist as zymogens of typical serine proteinases and are similar to Drosophila serine proteinases involved in the organization of the developing embryo [47] [48] [49] . They also contain one or two clip-domains, which have homologous amino acid sequences to the horseshoe crab big defensin [50] and mammalian -defensin [51, 52] . In crayfish the recombinant clip-domain of ppA has antibacterial activity in vitro against Gram-positive bacteria suggesting a dual function of crayfish ppA and maybe also for other ppAs [46] . Interestingly, a new type of prophenoloxidase activating factor has been purified and cloned from the coleopteran, Holotrichia diomphalia [53] . This protein has no proteinase activity, but is an essential factor for the activation of the proPO system in this insect. The primary structure of the protein is similar to serine proteinase homologues lacking the complete catalytic triad necessary for serine proteinase activity, such as a crayfish masquerade-like protein [54, 55] , a Drosophila masquerade-like protein [56] , horseshoe crab factor D [57] , and mosquito infection-responsive serine protease-like protein (ispl5) [58] .
With the activation of the proPO system, other proteins will also gain their biological activity. One such molecule is a cell adhesion protein, peroxinectin, which has been purified, characterised and cloned from the crayfish, Pacifastacus leniusculus [59] [60] [61] [62] [63] and shrimp, Penaeus monodon [64] . Moreover, the activation of the proPO system can participate in the stimulation of cellular responses including phagocytosis, nodule formation, and encapsulation [63] .
The proPO system has to be controlled and regulated to avoid the deleterious e#ects of active components of the system, and in particular PO, which can produce highly toxic intermediates. Several proteinase inhibitors for preventing over-activation of ppA [65, 66] and a phenoloxidase inhibitor (POI), which can directly inhibit the activity of phenoloxidse [67] [68] [69] have been reported from several arthropod species. The most e$cient inhibitor of crayfish ppA is pacifastin which contains a light chain with nine proteinase inhibitor subunits and a heavy chain containing three transferrin lobes [70] . The molecule is held together by a peptide bond and forms a new class of proteinase inhibitors named pacifastin-like serine proteinase inhibitors and which are present in, and can inhibit the proPO system in many insects [71, 72] .
Initiation of innate immunity
Invertebrates do not contain antigen-specific lymphocytes and do not produce immunoglobulins. However, they contain a number of soluble molecules that bind to and lyse micro-organisms. Typically such molecules are lectin-like proteins, which bind to carbohydrates present on microbial cell walls and hence initiate several immune responses as well as agglutinate the invading micro-organisms. The innate immune system is activated by pathogens or environmental antigens and is mediated by interaction between receptors or pattern recognition molecules and pathogens. The recognition molecules for foreign material have been named pattern-recognition proteins (PRPs) by Janeway [3, 73] because the host primitive e#ector cells would recognise molecular patterns rather than particular structures of the invading micro-organisms. Examples of pathogen-associated molecules, which are not found in other multicellular organisms, are LPS or peptidoglycans of bacterial cell walls, -1,3-glucan of fungal cell walls, and double-stranded RNA of viruses. Most current research has emphasised the possible role of non-self recognition molecules in the vertebrate and the invertebrate immune system [74-76, 78, 79, 85] .
Recognition of carbohydrates may have evolved because they are common constituents of microbial cell walls and have structures that are distinct from those of carbohydrates of eucaryotic cells. Therefore, LPS or/and -1,3-glucan binding proteins (LBP, GBP, or LGBP), peptidoglycan recognition protein (PGRP), several kinds of lectins, and haemolin have been found in a variety of invertebrates and di#erent biological functions have been proposed for these molecules following their binding to their targets. Some of the characterised pattern recognition molecules in invertebrates are summarised in Table 1 .
Lectins/agglutinin are glycoproteins usually without catalytic activity that have the ability to bind to specific carbohydrates and they are present in Binding to galactose [140] almost all living organisms [79] . They can bind cells and an agglutination reaction occurs. Interaction between lectins and carbohydrates is involved in various biological activities, for instance the cellular and tissue transport of carbohydrates and glycoproteins [80] [81] [82] , cell adhesion [83] [84] [85] , opsonisation [55, 86, 87] and nodule formation [88] . Especially, C-type lectins, calcium dependent lectins are also involved in immune recognition in invertebrates [85, 89] . Constitutively expressed lectins that have an LPS-binding property have been characterised from the silkworm, Bombyx mori [88, 125] and the American cockroach, Periplaneta americana [86, 92, 93, 117] . The biological function of these LPS binding proteins was shown to be a bacterial clearance activity and an opsonic e#ect, respectively. Two kinds of inducible lectins (immulectins) were characterised and cloned in the tobacco hornworm, Manduca sexta, and were both found to stimulate the proPO system [94, 95] . Many di#erent lectins, tachylectins, were purified from horseshoe crab, and which are involved in important immune system actions for example haemagglutinating activity and antibacterial activity [96] . Thus, the innate immune system of horseshoe crab seems to recognise invading pathogens through synergistic e#ects between lectins with di#erent specificities against carbohydrate exposed on pathogens. Some invertebrate lectins have been shown to enhance activation of the proPO system. For instance, LGBPs and GBPs can mediate the activation of Antibacterial activity against G( ); binding to 2-keto-3-deoxyoctanate disaccharide, agarose, and dextran [142] Tachylectin 2 (L10) Haemagglutinating activity; recognition of G( ) bacteria; binding to D-GlcNAc/D-GalNAc, staphylococcal lipoteichoic acid and LPS [143] Tachylectin 3 and Tachylectin 4 Haemagglutinating activity; binding to S-type LPS through O-specific polysaccharide [144, 145] Tachylectin 5
Enhancing the antibacterial activity of big defensin; binding to N-Acetyl group [13, 146] Tachylectin-P (TL-P)
Haemagglutinating activity; presence in perivitelline fluid [147] Plasma lectin 1 (TPL-1)
Sepharose CL-4B binding activity [148] Plasma lectin 2 (TPL-2) LPS and protein A binding activity [148] Tobacco hornworm M. sexta immulectin 1 Agglutinin; Involvement in proPO system [94] immulectin 2 Agglutinin; Involvement in proPO system [95] EARLY EVENTS IN CRUSTACEAN INNATE IMMUNITY 427 the proPO system and also induction of antibacterial peptides. Although they have similar primary structure to bacterial glucanases, they do not exhibit any glucanase activity [87, [97] [98] [99] [100] [101] . In crayfish, two carbohydrate binding proteins, GBP and LGBP have been characterised. Crayfish GBP is present in plasma and interacts with -1,3-glucan to enhance the activation of the proPO system and also to act as an opsonin to increase the rate of phagocytosis ( Fig. 1 ) [87, [102] [103] [104] [105] . The GBP and glucan complex can bind to crayfish granular haemocyte surface through its RGD (Arg-Gly-Asp) motif, which may indicate binding to integrin-like protein and then induce spreading and degranulation of crayfish haemocytes. An integrin -subunit was identified as a candidate receptor for GBP and the glucan complex. In addition, a crayfish LGBP has been characterised from haemocytes and it has binding activity to both LPS and -1,3-glucans but not to peptidoglycans. The primary structure and cloning results showed that LGBP has significant homology with several Gram-negative bacteria binding proteins and bacterial glucanases [97] [98] [99] [100] [101] . The function of LGBP is to bind to LPS or -1,3-glucans and to intiate activation of the proPO system in crayfish as well as other insect carbohydrate binding protein [97] . Therefore, two carbohydrate binding proteins seem to be required for complete activation of the proPO system in crayfish.
Haemolin is a member of the immunoglobulin (Ig) superfamily, containing four Ig-like domains and binds to the lipid A part of Gram-negative bacteria LPS. It is the major inducible immune protein identified in the haemolymph, and is up-regulated about 18 fold upon immune challenge of Hyalophora cecropia pupae [106, 107] and 30-40 fold in Manduca sexta larvae [110] . The role of haemolin in vivo has not been fully clarified. However, a number of data suggests a dual function in non-self recognition and signal transduction during the immune response and it also seems to have a role in neurogenesis [107] . Haemolin was shown to have similarity with transmembrane cell adhesion molecules [108, 109] . So far, haemolin has been reported from three lepidopteran species [106, 110] and a mollusc [111] . The crayfish masquerade-like protein (mas-like protein) is known as a pattern recognition protein in haemocytes, since it can bind to LPS, -1,3-glucans, Gram-negative bacteria, and yeast. This protein also has an opsonising and cell adhesion activity [54, 55] and is therefore a multifunctional protein. The mas-like protein exists in an intact form, but when the mas-like protein binds to micro-organisms, it is processed by an unknown proteolytic enzyme. Its amino acid sequence show homology to serine proteinases except for a substitution within the catalytic triad, which will render it without enzyme activity. So far, several serine proteinase homologous proteins have been characterised from di#erent animals and they have been shown to have a biological function such as a cell adhesion activity [54, 112] , antimicrobial activity [57, 113] , LPS binding activity [55, 114] , and being a component of the proPO system [53] . Although these molecules do not exhibit any proteinase activity, the biological functions suggest that serine proteinase homologous proteins are important in animals as immune molecules [115, 116] .
Innate immune activation is based on recognition of pathogen molecules, not present in multicellular organism. This mechanism of recognition is found in mammals, insects, and plants, suggesting that it evolved at very early stages of evolution. Therefore, lectins are important molecules to e$ciently discriminate non-self particles in invertebrates as well as in vertebrates. In spite of many di#erent functions of lectins, one common aspect of these molecules is recognition of particular carbohydrates, which render their specific binding activity. The above-mentioned proteins demonstrate that pattern recognition proteins, i.e. lectins are involved in various innate immune responses. Studies on the characterisation of lectins in the invertebrate innate immune system will provide a background for understanding how invertebrates control their immune system against invading foreign pathogens and simple invertebrate organisms may serve as useful models for the study of carbohydrate binding proteins in mammals.
